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Metabolic adaptation is not observed after 8 weeks of overfeeding but
energy expenditure variability is associated with weight recovery
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ABSTRACT

Background: A metabolic adaptation, defined as an increase in
energy expenditure (EE) beyond what is expected with weight gain
during overfeeding (OF), has been reported but also refuted. Much
of the inconsistency stems from the difficulty in conducting large,
well-controlled OF studies in humans.

Objectives: The primary aim of this study was to determine whether
a metabolic adaptation to OF exists and if so, attenuates weight gain.
Methods: Thirty-five young adults consumed 40% above their
baseline energy requirements for 8 wk, and sleeping metabolic
rate (SMR) and 24-h sedentary energy expenditure (24h-EE) were
measured before and after OF. Subjects were asked to return for
a 6-mo post-OF follow-up visit to measure body weight, body
composition, and physical activity.

Results: After adjusting for gains in fat-free mass and fat
mass, SMR increased by 43 £ 123 kcal/d more than expected
(P = 0.05) and 24h-EE by 23 + 139 kcal/d (P = 0.34),
indicating an overall lack of metabolic adaptation during OF despite
a wide variability in the response. Among the 30 subjects who
returned for the 6-mo follow-up visit, those who had a lower-
than-predicted SMR (basal EE) retained more of the fat gained
during OF. Likewise, subjects displaying a higher-than-predicted
sedentary 24h-EE lost significantly more fat during the 6-mo
follow-up.

Conclusions: Metabolic adaptation to OF was on average very small
but variable between subjects, revealing “thrifty” or “spendthrift”
metabolic phenotypes related to body weight loss 6 mo later. This
trial was registered at clinicaltrials.gov as NCT01672632.  Am J
Clin Nutr 2019;110:805-813.

Keywords: overfeeding, metabolic adaptation, dietary-induced
thermogenesis, energy expenditure, sleeping metabolic rate, weight
gain, respiratory chamber, luxuskonsumption, thrifty phenotype,
spendthrift phenotype

Introduction

Energy expenditure (EE) increases with weight gain due to
the energetic cost of depositing and maintaining new tissues,
digesting food, and moving and maintaining a larger body mass.
Beyond these obligatory energy costs, an additional increase in
EE not explained by changes in body mass has been observed (1)
and defined as metabolic adaptation.

A similar metabolic adaptation occurs in response to weight
loss following caloric restriction, but in the opposite direction
(1-3). Most calorie restriction studies in humans show that
metabolic rate declines more than expected based on the
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reduction in metabolic mass (1, 4, 5). This metabolic slowing—
also referred to as adaptive thermogenesis—is thought to result
from hormonal, adipokine, and chemokine signals (6) that act to
minimize the calorie deficit and protect against further weight
loss. One prominent example of adaptive thermogenesis was
the Minnesota Semi-Starvation Study where subjects lost only
65% of the weight they were predicted to lose with 50% calorie
restriction, which was due to a 35% reduction in metabolic rate
independent of changes in lean mass (7). Leibel et al. (1) later
quantified adaptive thermogenesis in their classic series of weight
perturbation studies and observed a reduction in resting EE by
250-300 kcal/d more than predicted. Our own weight loss studies
have shown that EE declines 10-15% more than expected based
on the loss of lean mass and fat mass (FM) (2, 3, 8).

The presence of a similar adaptation to dissipate excess
energy in times of surplus would offer a considerable advantage
to prevent obesity; however, its existence and magnitude are
still debated (9—-11). If present, such an adaptation—that is, an
increase in EE larger than predicted based on weight gain—
could explain why some individuals appear to resist weight gain
(“spendthrift” phenotype) whereas others gain easily (“thrifty”
phenotype) when challenged with caloric abundance (12, 13). In
early experiments of protein overfeeding (OF), weight gain was
much less than expected based on calories overfed, even after
considering body composition and physical activity changes (14,
15). In the Vermont Prisoner Study, nearly 50% more energy
intake was necessary to maintain a new higher body weight after
OF (16). Subsequent experiments demonstrated that weight gain
was less than expected for the caloric excess even after adjusting
for the gain in body mass (1, 17) and the increased energy cost
of digestion and storage (18). Even in studies in twins, weight
gain was highly variable among nonrelated subjects undergoing
the same OF regimen but was highly correlated within twin pairs
(19), suggesting differences in the metabolic response are likely
genetically determined. An adaptive response to OF might also
reside in activity-related EE. Levine et al. (20) reported that most
of the increase in EE with 1000 kcal/d extra for 8 wk was due to
increased nonexercise activity thermogenesis, and the magnitude
of increase accounted for 10-fold differences in fat storage. Still,
not all findings agree on the presence of a metabolic adaptation
to OF (11, 21, 22).

OF studies present many challenges, and the inherent difficulty
in conducting these demanding experiments contributes to the
mixed conclusions. Indeed, studies should be longer than 2
wk (14), highly controlled, and with sufficient sample sizes
to detect meaningful effects. Here, 35 young adults consumed
40% above their baseline energy requirements for 8§ wk under
supervised conditions. The purpose of our study was to: /)
determine whether a metabolic adaptation to OF exists and assess
its intersubject variability; 2) investigate whether this adaptation
is associated with weight gain during OF or weight loss after
6 mo of follow-up; and 3) examine changes in circulating
hormones and skeletal muscle mitochondrial efficiency that could
contribute to a “spendthrift” or “thrifty” phenotype.

Methods

Subjects

Twenty-nine males (19 Caucasian, 10 African-American)
and 6 females (2 Caucasian, 4 African-American) participated

in the study. Details of the study design and methods have
been reported previously (23). The study CONSORT diagram
is provided as online supporting material (see Supplemental
Figure 1). Participants were aged between 20 and 40 y with
a BMI of 22-32 kg/m? and had no history of chronic disease,
obesity, or weight instability (>2.5 kg over the past 6 mo).
Prior to inclusion, subjects completed a physical exam, medical
history, and biochemical profile assessment to determine health
status. Eligible participants were asked to maintain their current
level of physical activity (i.e., refrain from starting or stopping
an exercise regimen over the course of the study). The study
was approved by the Pennington Biomedical Research Center
(PBRC) Institutional Review Board, and all volunteers provided
written informed consent prior to participation. Individual-level
data at baseline and after OF are provided in Supplemental
Table 1.

Total daily energy expenditure

Prior to OF, total daily energy expenditure (TDEE) was
measured over a 2-wk period using doubly labeled water (DLW).
Subjects provided 2 urine samples before being dosed with
labeled water (2.0 g of 10% enriched H,'30 and 0.16 g of
99% enriched H,O per kilogram of estimated total body water)
(Cambridge Isotopes). Additional urine samples were collected
for analysis at 4.5 h and 6 h after dosing and on days 7 and 14.
Samples were analyzed for '80 and ?H abundance by isotope
ratio mass spectrometry, and the elimination rates were used to
determine carbon dioxide production as previously described (24,
25). EE was calculated by multiplying the rate of carbon dioxide
production by the energy equivalent of carbon dioxide using
the 24-h respiratory quotient measured in a respiratory chamber.
TDEE was measured again during the last 2 wk of the 8-wk OF
intervention.

Diets

Energy requirements at baseline were determined using the
measured EE (by DLW) and 7 d of feeding to energy balance. The
average of these 2 values was multiplied by 1.4 to calculate the
40% OF prescription. All meals were prepared by the metabolic
kitchen using a validated 5-d rotating menu (26) composed
of 41% carbohydrate, 44% fat, and 15% protein. Participants
were overfed for 8 wk and consumed all meals (3 meals/d, 7
d/wk) at PBRC under direct supervision but were free-living the
remainder of the time. After 8 wk, subjects again consumed to
energy balance for 3-5 d prior to post-OF metabolic testing.
Following completion of OF, all subjects were offered free
nutritional counseling for weight loss by a research dietitian
and/or free membership for 6 mo to our on-campus exercise
facility. Following 8 wk of OF, subjects were free-living until the
6-mo follow-up visit.

Baseline and post-OF measurements
24-h energy expenditure.

Sedentary energy expenditure (24h-EE) was measured over
23 h in a whole-room calorimeter as previously described (27).
Subjects were provided with 3 meals and 1 snack, which they
consumed in entirety, and EE was calculated from oxygen
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consumption (VO;), carbon dioxide production (VCO;), and
urinary nitrogen excretion (28). Energy expended during sleep
(sleeping metabolic rate, SMR) was calculated between 0200
and 0500 when infrared motion sensors were reading near-
zero motion. All urine was collected while subjects were in the
chamber and was used to measure nitrogen, norepinephrine, and
epinephrine excretion.

Physical activity.

Activity was determined by combining TDEE (from DLW)
and SMR (from the metabolic chamber) to calculate the physical
activity level (PAL; defined as TDEE divided by SMR). Steps per
day were measured using a validated activity monitor (SenseWear
Pros;, BodyMedia, Inc.) at baseline and post-OF (29). Subjects
wore the monitor for 7 continuous days (including time spent
sleeping) and were asked to remove it only when showering or
engaging in other water-related activities.

Mitochondrial efficiency.

A combination of phosphorus-31 magnetic resonance spec-
troscopy (*'P-MRS) and optical spectroscopy was used to
measure in vivo skeletal muscle mitochondrial function as
previously described (30, 31). Briefly, phosphorus spectra were
collected on a 3T GE Signa magnet (GE) using a 4- or 6-cm
3IP-tuned surface coil positioned over the distal portion of the
vastus lateralis. To perturb phosphocreatine concentration [PCr],
a pressure cuff was applied to the upper thigh and inflated to
60 mmHg above systolic pressure for 16 min, which blocked
blood flow and inhibited oxygen delivery. The rate of PCr
breakdown under anoxic conditions represents the basal ATP
demand of the cell, that is, the amount that must be supplied
by oxidative phosphorylation. The contribution of glycolytic
ATP production was determined by the change in pH and PCr
signal during ischemia (32) and was <10% of the demand
(33). Spectra were analyzed using the Advanced Method for
Accurate, Robust, and Efficient Spectral fitting algorithm in the
Java-based Magnetic Resonance User Interface software (34).
Using this method, repeated measures of muscle ATP flux on the
same subject agree to within £11% (35). In a separate session,
optical spectra were obtained by two 10-mm optic bundles
positioned over the vastus lateralis that fed into a Horiba Jobin
Yvon optical spectrograph (Edison). One fiber illuminated the
tissue, whereas the other carried reflected light to a spectrograph-
mounted detector. Spectra were obtained for 17 min while a
pressure cuff was inflated to 55 mmHg above systolic pressure.
Oxygen uptake, representing oxygen demand of the muscle, was
determined from the rate of deoxygenation of both oxygenated
hemoglobin (HbO,) and oxygenated myoglobin (MbO,) during
ischemia as previously described (36, 37). In our hands, repeated
measures of oxygen consumption on the same subject agree to
within £13.7%.

Mitochondrial coupling efficiency (P/O ratio) was calculated
as the ratio of phosphorylation (ATP demand by MRS) to
oxidation (oxygen demand by optical spectroscopy) and was
divided by 2 to yield P/O to conform to biochemical convention
(31, 38). Repeated measures of P/O in our hands agree to within
+6% (31). These procedures were performed on a subset of

subjects; therefore, data are available for 23 (ATP flux), 21
(oxygen uptake), and 20 (P/O ratio) subjects.

6-month follow-up testing

Thirty subjects returned to the PBRC Metabolic Unit 6
mo after completing 8 wk of OF, for measurement of body
weight, body composition, and physical activity. No structured
intervention was administered to subjects during this 6-mo
unsupervised period.

Statistics

Statistical analyses were performed using JMP version 11
software (SAS Institute Inc.). Data are presented as mean £ SD
with « level set at 0.05 and statistical tests 2-tailed. Changes in
continuous variables from baseline to post-OF were analyzed by
paired ¢ test, and associations between variables were analyzed
using Pearson correlation coefficients. Predictive equations for
24h-EE and SMR were derived from a reference population
taking into account fat-free mass (FFM), FM, age, and race
(where 1=African-American, 0=Caucasian) (39):

24h-EE(kcal/d) = 546 + 5.2(FM) + 26.2(FFM) — 2.32(age)
—96(race) @)

SMR(kcal/d) = 461 + 3.5(FM) + 19.6(FEM)
— 70(race) 2

From these equations, predicted values for 24h-EE and SMR
at baseline and after OF were calculated using measured FFM
and FM. The differences between actual and predicted values
of EE determined the ‘“residual,” that is, an indicator of the
individual EE deviation from the reference population at both
baseline and post-OF. A metabolic adaptation was considered
present if the positive difference between post-OF and baseline
residuals was significantly different than zero (40). As described
above, PAL was calculated as TDEE/SMR thus eliminating
the impact of body weight because both TDEE and SMR
are directly proportional to body weight. Energy expended in
physical activity (EEPA) was also calculated relative to body
weight at baseline and post-OF as EEPA = [(NREE — TEF)/BW]
where NREE is nonresting energy expenditure (TDEE — SMR),
TEF is the thermic effect of food (estimated to be 10% of caloric
intake), and BW is body weight.

Results

OF intervention

Energy requirements at baseline in the 35 subjects averaged
3075 £ 400 kcal/d, and the mean OF level at baseline was
4233 4+ 464 kcal/d, or 1158 £ 205 kcal/d over baseline
requirements, amounting to 64,848 kcal surplus over the 56 d of
intervention. Average BMI at baseline was 25.6 £ 2.3 (range:
22.5-31.4); 2 subjects were obese (BMI 30.7 and 31.4). As
previously reported (23), subjects gained an average of 7.5 + 1.9
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TABLE 1 Body composition, hormone profile, and energy expenditure before and after overfeeding!
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Before overfeeding After overfeeding P value
Anthropometrics
BMI, kg/m? 25.6 (22.5-31.4) 28.0 (24.1-34.7) <0.001
Weight, kg 79.6 (58.2-100) 87.1 (65.6-105.8) <0.001
Fat mass, kg 17.2 (7.9-25.8) 21.3 (11.3-30.5) <0.001
Fat-free mass, kg 62.4 (38.9-77.8) 65.5 (40.6-81.2) <0.001
Energy expenditure (EE)
Sleeping metabolic rate, kcal/d 1714 £ 201 1828 £ 252 <0.001
24h-EE, kcal/d 2128 +250 2254 + 305 <0.001
TDEE, kcal/d 3054 + 567 3335+ 673 0.002
Physical activity EE, kcal/d 1039 £ 442 1085 £+ 554 0.68
Hormone profile
Triiodothyronine, ng/dL 99.7 (80.5-138) 103.5 (76.2-139) 0.02
Thyroxine, pg/dL 6.4 (3.4-94) 6.4 (2.7-1.9) 0.94
Thyroid-stimulating hormone, pIU/mL 1.8 (0.4-5.0) 1.9 (0.5-4.4) 0.41
Reverse triiodothyronine, pg/mL 0.21 (0.13-0.34) 0.20 (0.08-0.38) 0.22
Leptin, ng/mL 12.2 (1.1-55.6) 18.4 (1.8-67.9) <0.001
Urine epinephrine, pg/24 h 19 (9.4-68) 18 (9.4-63) 0.55
Urine norepinephrine, pg/24 h 97 (27-230) 112 (36-253) 0.12

'Data are presented as mean (range) or £SD; n = 35 (29 M, 6 F). TDEE, total daily energy expenditure; 24h-EE, 24-h energy expenditure.

kg (range: 2.3-10.7 kg) over 8 wk, or 9.5 = 2.7% of initial weight,
over half of which was fat (4.2 + 1.4 kg). After OF, average
BMI shifted to the overweight category (28.0 &£ 2.6) with a range
of 24.1-34.7, and 7 participants were categorized as obese. As
weight gain progressed, daily positive energy balance declined.

EE and physical activity

SMR, 24h-EE, and TDEE all increased with OF (Table 1).
After adjusting for changes in body weight and body composition
(increased FFM and FM), SMR was significantly higher than
predicted but only by 43 4 123 kcal/d (P = 0.05), which equated
to ~37% of the absolute increase in SMR. The increase in
sedentary 24h-EE was mostly related to the increase in body
mass; a marginal trending increase of 23 &= 139 kcal/d (P = 0.34)
remained unexplained by weight gain, representing 17% of the
total rise in 24h-EE (Figure 1). The weight-independent changes
in SMR ranged from —211 to 396 kcal/d among subjects, whereas
those in 24h-EE ranged from —220 to 321 kcal/d, indicating
a wide variability in the individual EE response to OF. TDEE
measured by DLW increased by 280 £ 495 kcal/d and was
attributable mostly to the gain in body mass. There was also no
change in PAL measured as TDEE/SMR (1.78 4 0.25 compared
with 1.83 £ 0.29; P = 0.44) or the average number of steps taken
per day as recorded by activity monitors (9601 4= 3901 compared
with 9081 4 3193 steps/d, baseline and post-OF, respectively;
P = 0.79). EEPA averaged 13.0 &£ 5.1 kcal/kg/d at baseline
and did not change with OF (12.4 £ 5.9 kcal/kg/d; P = 0.60).
Together, these data suggest that PAL did not change with OF.

Circulating hormones

OF induced an increase in circulating triiodothyronine (T3),
from 99.7 &+ 13.3 to 103.5 £ 15.1 ng/dL (P = 0.02); however,
there was no change in thyroxine, thyroid-stimulating hormone,
or reverse T3 (Table 1). As expected, leptin concentration rose,
from 12.2 £ 14.2t0 18.4 &+ 17.7 ng/mL (P < 0.001), in proportion

to the increase in FM. Urinary excretion of epinephrine did
not change and although excretion of norepinephrine rose from
97 £ 42 to 112 & 51 pg/24 h, the change was nonsignificant
(P = 0.12). There were no direct associations between changes
in hormone concentrations and adaptations in EE.

Skeletal muscle mitochondrial efficiency

In a subset of 23 subjects, ATP demand of the resting vastus
lateralis did not change with OF (6.2 &+ 1.2 to 6.1 = 1.3 uM
ATP/s, baseline and post-OF respectively; P = 0.79) (Figure 2).
There was a small but trending decrease in oxygen consumption
in resting muscle (2.3 £ 0.6 to 2.0 = 0.5 uM Oy/s; P = 0.09).
Together, the magnetic resonance and optical spectrometry data
suggested a 13% trend increase in mitochondrial coupling with
OF (P/O ratio: 1.35 £ 0.34 to 1.54 &+ 0.50; P = 0.12). There
were no associations between changes in mitochondrial measures
and changes in EE. Changes in EE in this subgroup were not
significantly different from the whole sample.

EE and weight gain

Expectedly, subjects who gained more weight during OF
had larger absolute increases in SMR (r = 0.37; P = 0.03)
and 24h-EE (r = 0.41; P = 0.01). However, weight gain
was not associated with the body-mass—independent change in
SMR or 24h-EE (i.e., the metabolic adaptation). Surprisingly,
higher body-mass—adjusted 24h-EE at baseline and after OF was
associated with larger relative weight gain during OF (baseline:
r=0.42; P =0.01; and post-OF: r = 0.41; P = 0.02). This latter
observation indicates that subjects with the largest metabolic
adaptation gain the most weight under OF conditions.

Weight loss at 6-mo follow-up

Average baseline weight (79.8 + 10.8 kg compared with
78.0 £ 4.4 kg; P = 0.71) and total weight gain during OF
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“Residuals” in energy expenditure (EE) at baseline and after overfeeding (OF). “Residuals” are calculated as actual EE measurements minus

predicted EE measurements, calculated using a previously published dataset (39). (A) Predicted sleeping metabolic rate (SMR, kcal/d) was calculated at baseline
and post-OF in 34 adults (28 M, 6 F) as follows: Predicted SMR =461 + (3.5 x FM) 4 (19.6 x FFM) — (70xrace, where 1=African-American, 0O=Caucasian),
using measured values of fat mass (FM) and fat-free mass (FFM) at baseline and post-OF. After OF, mean SMR was significantly higher than predicted by
43 + 123 kcal/d (*P = 0.05) by paired ¢ test. (B) Predicted 24-h sedentary EE (24h-EE, kcal/d) was calculated at baseline and post-OF in all 35 adults (29 M, 6
F) as follows: Predicted 24h-EE = 546 + (5.2 x FM) + (26.2 x FEM) — (2.3 x age) — (96xrace, where 1=African-American, 0=Caucasian), using measured
values of FM and FFM at baseline and post-OF. Predicted 24h-EE after OF was not significantly different than measured 24h-EE (23 & 139, P = 0.34) by
paired ¢ test, indicating the 24h-EE increased as expected for the increase in body mass.

(7.3 £ 19 kg compared with 8.7 & 1.9 kg; P = 0.15) were not
different in the 30 participants (25 male, 5 female) who returned
for follow-up 6 mo later compared to the 5 subjects who did
not return, respectively. Average weight was 82.9 + 11.6 kg,
representing 43 £ 63% retention of the experimentally induced
gain. Mean weight loss was 4.3 £ 3.5 kg and consisted of
24 £+ 1.8 kg of FFM and 2.0 & 2.7 of FM. To explore the
impact of EE responses to OF on post-OF weight regulation,
we investigated whether residuals of EE at baseline or after
OF were associated with weight loss 6 mo later. Specifically,
subjects who had a lower-than-predicted SMR prior to OF lost
less weight overall during the follow-up (r = 0.35; P = 0.05) and
retained a significantly greater portion of the fat gained during
OF (r = —0.38; P = 0.04; Figure 3A). Conversely, a greater-
than-predicted 24h-EE after OF was associated with significantly
greater loss of FM 6 mo later (r = 0.45; P = 0.01; Figure 3B).
These associations were independent of FM at baseline and the
amount of fat gained during OF.

Discussion

To our knowledge, this study is one of the largest and best-
controlled OF studies conducted to date. The purpose of this
analysis was to determine whether EE increases more than
predicted by the increase in body mass (FFM and FM) during
OF and if so, minimizes weight and fat gain. The second
exploratory objective was to determine whether the variability
in metabolic adaptation associates with the amount of weight
lost 6 mo after returning to “normal life.” We found that SMR,
which most closely resembles true basal metabolic rate, increased
significantly more than expected for the increase in FM and
FFM, but only by a marginal amount of 43 kcal/d, probably
not sufficient to attenuate weight gain. Even more importantly,
there was no evidence of a metabolic adaptation in sedentary
24h-EE measured in a metabolic chamber, including not only
SMR but also diet-induced thermogenesis and spontaneous
physical activity. Together, the data indicate that the unexplained
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FIGURE 2 In situ mitochondrial energetics of the vastus lateralis at rest before and after overfeeding. (A) ATP use measured by 3! P-magnetic resonance
spectroscopy did not change after overfeeding (OF) in 23 adults (19 M, 4 F) (6.2 & 1.2 vs. 6.1 & 1.3 uM ATP/s; P = 0.79). (B) There was a trend for oxygen
use to decrease after OF in 21 adults (18 M, 3 F) (2.3 0.6 vs. 2.0 £ 0.5 uM Oy/s; TP = 0.09) by paired ¢ test. (C) Mitochondrial coupling efficiency (P/O
ratio) did not change significantly after OF in 20 adults (18 M, 2 F) (1.35 £ 0.34 vs. 1.54 £ 0.50; P = 0.12) by paired  test.

increase in EE (metabolic adaptation) triggered by prolonged
OF is rather small and unlikely to confer strong resistance to
weight gain similar to the adaptation observed in response to
caloric restriction resisting further weight loss. However, the
interindividual variability in the measured metabolic adaptation
to OF was associated with the individual changes in FM 6
mo after returning to normal life, such that individuals with a
lower-than-expected EE retained more of the fat gained, and
individuals with a greater-than-expected EE lost more fat. These
results suggest that the magnitude of EE increase in response to
controlled OF modulates the return toward usual baseline weight
after the OF intervention ends.

Although statistically significant, the 43 kcal/d unexplained
increase in SMR is of doubtful physiological relevance in limiting
weight gain during overfeeding. The present study confirms
an earlier OF study by Ravussin et al. (11) in which all the
excess calories were accounted for by weight gain and obligatory
increases in energy expenditure without inducing "luxuskon-
sumption." However, it is important to note the interindividual
variability in the metabolic adaptation in SMR, ranging from
—211 to 396 kcal/d. In comparison, the adaptation in basal
metabolism observed during caloric restriction averages around
250 to >300 kcal/d depending on the degree of energy deficit (1,
2). From an etiological perspective, it is reasonable to expect that
human metabolism evolved to protect against calorie deprivation,
not so much against calorie excess. In times of food scarcity,
the ability to reduce metabolic rate and conserve energy would
offer considerable advantage in surviving a subsequent famine.
A similar metabolic adaptation during times of energy surplus, or
feast, would also offer some survival advantage, that is, keeping
metabolic rate low relative to the energy excess would promote
fat storage, providing an alternative source of energy during the
next famine. There would be no conceivable advantage to futilely
burning excess energy under harsh environmental conditions.
However, in today’s environment, a “thrifty metabolism” and the
absence of metabolic adaptation to energy surplus could facilitate
the deposition of fat, progressively leading to obesity and type 2
diabetes (41).

The concept of metabolic adaptation to OF arose when
investigators began to vary their food intake over a wide range
yet showed little change in body weight. They hypothesized the
presence of an adaptive component in EE working to dissipate
excess energy. In one such classic experiment, Neumann (10)
varied his caloric intake so that in 3 major periods during the
year he was on 1766 calories, 2199 calories, and 2403 calories
per day. On such sustained different intake levels, his body
weight remained relatively stable. However, the range of caloric
intake varied only by about 15% and would not be considered
substantial OF in modern experiments. In a later self-study,
Gulick (42) varied his intake from 1974 to 4113 kcal/d over the
course of 370 d and demonstrated that he could maintain his
body weight at calorie levels up to 3500 kcal/d, but not at the
extremes of excess. These experiments fueled the notion that both
metabolic rate and body weight change very little until extremes
of calorie excess and sufficient time (i.e., >2 wk) are present.
This was evident in a landmark study among Vermont prisoners
and healthy volunteers (43). Lean men were overfed for a 40-
wk period with 6000 to 8000 kcal ingested daily. Despite the
massive OF and reduction of their physical activity to a minimum,
volunteers gained only 6 kg. Months later, they required 5750
kcal/d to maintain the achieved body weight. Together, these
classic experiments pointed to some feature of metabolism that
must be adequately flexible and responsive to caloric load so
as to dissipate the excess energy as heat. Unfortunately, limited
methodologies at that time prevented the identification of this
metabolic component.

Recent OF studies have carefully controlled energy intake
and output, and have more thoroughly investigated different
components of EE. Conclusions on whether metabolic adaptation
exists vary, with some reports finding that EE increased as
expected (i.e., EE rose to meet obligatory demands) (21, 44—
48) whereas others found that the increase in EE could not
be accounted for by the increase in body weight, the thermic
effect of the extra food, or physical activity (19, 49-52). In one
study, the increase in activity thermogenesis not due to exercise
(i.e., fidgeting, posture, activities of daily life) accounted for
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FIGURE 3 Relation between deviations from predicted EE during
overfeeding (OF) and body fat changes 6 mo later. (A) A lower-than-predicted
sleeping metabolic rate (SMR) at baseline, suggestive of a more “thrifty”
metabolic phenotype, was associated with greater retention of the fat mass
gained during OF, after 6 mo of follow-up in 30 adults (25 M, 5 F) using
Pearson correlation coefficients. (B) A greater-than-predicted sedentary 24-
h energy expenditure (24h-EE) after OF, suggestive of a more “spendthrift”
phenotype, was associated with significantly greater fat loss after 6 mo of
follow-up in 30 adults (25 M, 5 F) using Pearson correlation coefficients.
Shaded symbols represent the males and open symbols represent the females.
FM, fat mass.

a large part of the variability in fat gain (20). Notably, across
all studies, there was marked intersubject variability in how EE
responded to OF, which makes it difficult to interpret the meaning
of average values. The relatively small number of participants
usually enrolled in OF studies also makes it difficult to identify
spendthrift compared with thrifty phenotypes.

To reveal the spendthrift and thrifty phenotypes, some studies
have acutely overfed (100% of energy requirements) and fasted
volunteers for 24—48 h while in a metabolic chamber (13, 53). A
greater drop in EE during fasting was consistently associated with
a lesser increase in EE during OF (thrifty phenotype) and vice
versa (spendthrift phenotype). Subjects with a thrifty metabolism
gained significantly more weight during a 6-mo follow-up
period (13); likewise, those with a spendthrift metabolism lost
significantly more weight during 6 wk of controlled 50% caloric

restriction (12). In the present study, we found that subjects
who displayed a lower-than-predicted SMR at baseline lost
significantly less of the fat that was gained during OF 6 months
later. Conversely, those who had a greater-than-predicted 24h-
EE after OF lost significantly more fat during the follow-
up period independently of total weight or fat gain with OF.
Schlogl et al. (13) reported that a smaller EE response to caloric
excess was associated with future weight gain, especially during
low-protein OF.

To our knowledge, our study is one of the first to investigate
potential mechanisms underlying the EE changes to OF, partic-
ularly changes in skeletal muscle mitochondrial efficiency. We
observed no significant changes in ATP demand or P/O ratio
and no associations between the mitochondrial measures and
weight gain during OF or weight/fat loss after the follow-up
period (data not shown). Seyssel et al. (54) reported increased
mitochondrial respiration, particularly state 4 respiration, with
56 d of OF leading to a decrease in coupling efficiency. Weight
gain was markedly less (average 2.6 kg) than in our study and
the OF diet differed substantially, possibly contributing to the
contrasting findings. Furthermore, it is questionable whether in
vitro mitochondrial respiration accurately represents respiration
in intact skeletal muscle (55), further adding to the confusion
surrounding the involvement of mitochondrial efficiency in OF-
or underfeeding-induced metabolic adaptations.

Hormonal shifts have also been implicated in EE changes,
particularly during calorie restriction (56), and the degree of
metabolic adaptation has been found to be associated with
the decline in leptin concentrations (57). Here, we found that
although leptin and T3 increased with OF, there were no direct
associations between these hormonal changes and metabolic
adaptation.

In summary, although there was an increase in metabolic rate
of 43 kcal/d unexplained by weight gain with OF, the clinical
relevance of this increase is doubtful, and we conclude that
metabolic adaptation during surplus does not occur such as in
the metabolic adaptation to caloric restriction. These findings
are supported by the lack of change in physiological processes
thought to underlie metabolic adaptation, including changes
in skeletal muscle mitochondrial efficiency and/or circulating
hormones. However, the individual response in EE to caloric
excess varied widely but did not protect against weight gain
during OF. As a result, we uncovered that a more “thrifty” or
“spendthrift” phenotype at the time of OF was associated with fat
loss 6 mo after ending the controlled intervention. In support of
other recent findings, our results suggest that individual metabolic
phenotypes (thrifty compared with spendthrift), although not
really associated with the magnitude of weight gain during OF,
can still play a role in long-term body weight regulation.
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